Introduction
Hybrid nanomaterials incorporating inorganic metal nanoparticle cores and organic polymer shells have shown intriguing coupled properties [1] [2] [3] [4] as well as applications in diagnosis, [5] drug delivery, [6, 7] catalysis, [8] and self-assembly. [9] [10] [11] Additionally, polymer shells have conformational flexibility and exhibit shape reconfiguration upon external stimuli, not accessible to rigid metal nanoparticle cores alone. [12] [13] [14] The reconfiguration modulates nanoparticle surface, leading to dynamic control over nanoparticle interactions, [15] [16] [17] assembly, [18, 19] and phase transitions [20] [21] [22] of nanocomposites with desired properties. For example, the polystyrene (PS) shell on PS-coated gold nanospheres was shown to shift its spatial distribution into a "Janus-like" geometry upon a solvent polarity change. [13] Such polymer shell shape shifting can serve as a bottom-up surface patterning method at the single nanoparticle level, to allow nanoscale lithography [23] and directed nanoparticle self-assembly [24, 25] for developing functional nanomaterials.
In these systems, the shape of metal nanoparticle core determines the local surface curvature of the surface [26] that polymer shell dwells upon, which renders a spatially uneven polymer packing density [27, 28] and interpolymer interactions. [29] Earlier work on PS-coated gold nanoparticles show that the gold nanocubes and spheres have distinct PS shell shapes upon reconfiguration. [13, 14] Work on block copoly mer, polystyrene-poly(acrylic acid) (PS-b-PAA)-coated gold nanorods show that the polymer shell segregates towards the rod center upon heating. [30] However, the dependence of polymer shell reconfiguration on the shape of the cores has not been systematically investigated due to the limited core shapes studied and the lack of quantitative characterization of the shape details of both the core and the polymer shell. [13, 14] Here we use shape-anisotropic gold polyhedra as the model metal nanoparticle core, and adapt for the core particles the methods of coating thiolated PS or PS-b-PAA demonstrated earlier for other shapes. Specifically, we use gold core nanoparticles grown from a universal seeded growth, [31] in which anisotropic shapes with readily tunable sizes and Anisotropic Nanoparticles Reconfigurable hybrid nanoparticles made by decorating flexible polymer shells on rigid inorganic nanoparticle cores can provide a unique means to build stimuli-responsive functional materials. The polymer shell reconfiguration has been expected to depend on the local core shape details, but limited systematic investigations have been undertaken. Here, two literature methods are adapted to coat either thiol-terminated polystyrene (PS) or polystyrene-poly(acrylic acid) (PS-b-PAA) shells onto a series of anisotropic gold nanoparticles of shapes not studied previously, including octahedron, concave cube, and bipyramid. These core shapes are complex, rendering shell contours with nanoscale details (e.g., local surface curvature, shell thickness) that are imaged and analyzed quantitatively using the authors' customized analysis codes. It is found that the hybrid nanoparticles based on the chosen core shapes, when coated with the above two polymer shells, exhibit distinct shell segregations upon a variation in solvent polarity or temperature. It is demonstrated for the PS-b-PAA-coated hybrid nanoparticles, the shell segregation is maintained even after a further decoration of the shell periphery with gold seeds; these seeds can potentially facilitate subsequent deposition of other nanostructures to enrich structural and functional diversity. These synthesis, imaging, and analysis methods for the hybrid nanoparticles of anisotropically shaped cores can potentially aid in their predictive design for materials reconfigurable from the bottom up.
www.advancedsciencenews.com www.mrc-journal.de great monodispersity can be obtained from the same seed source for systematic study. The core shapes we choose are as follows. Cubes are used as a comparison with previous work on PS-coated cubes, [14] which were synthesized using a different method with ligands different from ours (hexadecylpyridinium chloride monohydrate (CPC) in our work and hexadecyltrimethylammonium bromide (CTAB) in previous work [14] ). In addition, nonstudied shapes such as octahedra, concave cubes, and bipyramids are also studied by us as core particles, which cover a wide range of local surface curvature values, from convex, flat to concave. We examine and quantify the shell reconfiguration behaviors on these various core shapes under different stimuli. For different core shapes, the polymer patterns after segregation are different. Interestingly, we find a consistent trend that the PS shells on gold nanoparticles tend to segregate towards the high surface curvature sites of the core particle with different core shapes upon addition of more polar solvents, while the PS-b-PAA shells segregate to low surface curvature sites of the core particles upon heating. In other words, these two types of polymer coating generate complimentary segregated patterns on core particle surface. In addition, to potentially enrich the functionality of the hybrid nanoparticles, we integrate and validate a gold seeding method to PS-b-PAA-coated particles, and find that the gold seeded particles still maintain the predicted shell reconfiguration. This opens doors for further use of the gold seeds as active sites for further growth of gold nanowires, [32] nanoplates, [33] and nanorods [34] for incorporation of more functions, in our reconfigurable building blocks. We establish an imaging and analysis platform to map the local curvatures of the nanoparticle core and polymer shell, the local thickness of the polymer shell at nanometer resolution, to quantify the shape shifting of polymer shell, which can generalize to other nanoparticlepolymer hybrid systems.
Results and Discussion

Shape-Dependent Reconfiguration of PS-Shelled Octahedral and Cube Nanoparticles
Here we use two types of anisotropic gold nanoparticles as the core, octahedra (49.5 ± 1.7 nm) and cubes (60.3 ± 2.0 nm), prepared in high monodispersity following the universal seededgrowth method [31] ( Figure S1 , Supporting Information). These two shapes belong to the same symmetry class as dual polyhedra but with distinct faceting details. [35] The gold octahedron is composed of eight {111} facets, while the gold cube consists of six {100} facets, both with round vertices from synthesis ( Figure 1) . We first adapted the thiolated PS coating methods to these gold nanoparticles [13, 14] with modification, where higher concentrated nanoparticle solution was used to increase the yield. The PS-coated nanoparticles were then imaged under an optimized TEM condition at 100 kV. The polymer shell is clearly seen as a light shadow enveloping gold nanoparticle core of darker contrast ( In the initial nonpolar solvent of tetrahydrofuran, the polymer coating on the gold cores is uniform. As shown in Figure 1d , the PS-coated octahedral nanoparticles have one {111} facet sitting on the TEM grid, with their shapes matched with a hexagon projected from a 3D octahedron (the red hexagon in Figure 1a ). Based on various projected 2D views of these octahedral nanoparticles (Figure 1d , Figure S3 , Supporting Information), we conclude that they are uniformly coated with PS. This observation is consistent with previous work on spherical and cube cores, [13, 14] in which tetrahydrofuran is seen as a "good solvent" for PS; solvent-polymer attraction is stronger than polymer-polymer attraction, [36] so that PS molecules stay extended and homogeneous on octahedral particle surface. We observe the same uniform PS coating for the cube hybrid nanoparticles with a shell thickness of ≈10 nm, consistent with previous reports despite the different cube synthesis used ( Figure 1l ).
PS shell reconfiguration is induced by dispersing these hybrid nanoparticles in polar solvent (e.g., a mixture of dimethylformamide and water, 1 vol% of water) following a literature method, [14] and was quantified based on local surface curvature and local shell thickness. Upon this solvent change, we observe that the uniformly distributed PS shell undergoes a segregation process into surface pinned domains on the octahedral nanoparticles, similar to earlier work on cube cores [14] (Figure 1d ,e). This surface segregation is associated with an ensemble change in the UV-Vis spectra of the gold nanoparticle solution. As shown in Figure 1b , gold octahedral cores experience a slight red shift (10 nm) in the absorption peak after PS shell formation and then after segregation (5 nm), indicating a decent yield in these postsynthesis modification steps. Due to the complexity of the 3D octahedral shape, we quantified the extent of shell reconfiguration by outlining the contours of the imaged PS shells and the gold cores as shown in Figure 1d ,e. The contour colors are coded based on calculated local curvature (the inverse of the radius of the best-fitted circle). [37] The singled-out polymer shell region is color-coded by the local thickness (Figure 1f,g ), defined at each point as the diameter of the largest circle that can contain a shell point and remain within the bounds of the shell. Before segregation, the PS shells have very similar local surface curvature distribution to that of the gold octahedral core (Figure 1h,i) . The local thickness peaked at 10 nm, with an extended tail into 13 nm (Figure 1j) , consistent with the projected 2D shape of the polymer shell that we contoured. After immersed in polar solvents, the local surface curvature distribution of the PS shell shifts to higher values ( Figure  1i ), as the PS shells segregate at six vertices of the octahedron into six regions. The local surface curvature distribution expands to a broad range of positive and negative values, demonstrating quantitatively the patchy nature of the segregated regions-spatially connected continuously via concave and convex regions. The local thickness profile, on the other hand, has a wider distribution after segregation, with a slight shift of the major peak to a thickness of 7 nm and a new peak at about 1 nm (Figure 1j ). The existence of the new peak validates the existence of extended regions covered with very few PS Figure 1 . PS shell decoration and reconfiguration on gold polyhedral nanoparticles. a) Schematic of the coating and triggering of segregation of PS polymer shells onto gold octahedral nanoparticles as an example. The PS polymers are colored as emerald, and the representative segregation patterns (simplified) after shell segregation are shown at the corners of the octahedron. The dotted line in the middle scheme indicates the 2D projected outline of the octahedron. b) UV-Vis spectra of gold octahedra solution before the PS shell formation (red), right after the PS shell formation (olive), and after PS shell segregation (cyan). TEM images of c) as-synthesized gold octahedral nanoparticles, d) PS-coated ones, and e) PS-coated ones after shell segregation. d,e) are overlaid with surface contours color coded according to local surface curvature values. The singled-out PS shell region on octahedral core coloredcoded according to the local thickness values f) before and g) after polymer shell segregation. The local surface curvature distributions of h) as-synthesized octahedra nanoparticles, i, olive) PS shells before and i, cyan) after segregation. j) The local thickness of PS shells before (blue) and after (orange) segregation. For each local surface curvature graph, we did the full contouring of both the gold core and polymer shell of about eight particles imaged at the same orientation (so that we can accumulate the measurements), which show a high consistency in the overlaid graphs in Figure S4 (Supporting Information). TEM images of k) as-synthesized gold cube nanoparticles, l) PS-coated ones and m) PS-coated ones after shell segregation. l,m) are overlaid with surface contours color coded according to local surface curvature values. The singled-out PS shell region on cube core colored-coded according to the local thickness values n) before and o) after polymer shell segregation. The local surface curvature distributions of p) as-synthesized gold cube nanoparticles, q, olive) PS shells before and q, cyan) after segregation. r) The local thickness of PS shells before (blue) and after (orange) segregation. Scale bars: 20 nm.
www.advancedsciencenews.com www.mrc-journal.de molecules, again consistent with the patchy, segregated nature of the PS regions. The hybrid PS-coated cube nanoparticles undergo a similar PS shell segregation to the edges and vertices which have high local surface curvature, while less amount of the PS shell remains on flat {100} facets (Figure 1k-m) , consistent with previous work [14] despite different cube synthesis. Compared with octahedral nanoparticles, the local surface curvature distribution of the segregated PS shells on cubes show more populated negative curvature values, i.e., more concave regions (Figure 1p,q) . This difference might be attributed to the exact shape of the vertices (dihedral angle = 109.47°, four faces met at each vertex for octahedra, and dihedral angle = 90°, three faces met at each vertex for cubes), or due to the difference in the packing density of polymers on different facets. The local thickness distribution similarly shows that the peak at the small value is of a higher portion than that for the octahedral particles (Figure 1n,o,r) .
It is clear that two differently shaped cores give rise to different, quantifiable segregation patterns with distinct nanoscale morphology details. Note that since polymer segregation is a thermodynamic-driven process from a competition between surface energy and stretching energy of polymers, [13, 36] we expect that the core nanoparticle shape can potentially lead to predictable control of the segregation pattern, which can be of crucial importance to control the internanoparticle interactions. In particular, the segregated polymer regions can serve as attractive patches, with their size and shape determine the "valency" of particles, namely the allowed geometric arrangements for particles to connect and assemble. The segregation at the particle corners carries unique potential to direct assembly into nonclosely packed, hierarchical nanocomposite materials. [12, 38] 
Quantifying Polymer Shell Shapes (Local Surface Curvature and Thickness) on Anisotropic Nanoparticles
For the hybrid nanoparticles, polymer shell shape is the key parameter bridging particle core shape, segregation condition, and potential use as patchy particles for building into higherorder structures. For example, previous experimental and theoretical work have shown that spherical particles with attractive patches have distinct interparticle interactions and final assembled structures as the size, shape, number and spatial arrangements of the patches vary. [12, 38] In addition, making shell shapes quantifiable can also facilitate fundamental understanding of how polymer shells adopt different shapes on curved core surfaces for predictive engineering.
To achieve the shell shape quantification, we adopted the surface contour analysis used by us on gold triangular prisms [37] and gold rod etching, [39] but modified extensively to optimize for polymer shell contouring and to elucidate the local shell thickness profile which is relevant in the context of polymer coating. Below we detail the work flow (Figure 2) . All the TEM images are processed automatically using functions in an open-source software package ImageJ with minor manual adjustment. Gold nanoparticle cores have high contrast under TEM due to large atomic number, while polymer shells have low TEM contrast. One of the important modifications in our contour finding is to recognize the contours of both components by applying different image processing conditions for each component. Take the relatively simple cube hybrid nano particles as an example (Figure 2a,b) . A low threshold value on gray scale produces a binary (black and white) image to capture the gold core shape (binary condition 1 in Figure 2b ). Next by increasing the threshold, the lowercontrast polymer shell was recognized in the other binary image (binary condition 2 in Figure 2b) . Depending on the edge roughness of the black shape in the binary image, a "median filter" with a few pixels' size or a removing outlier tool was applied to make the contour line smooth for computing the local curvature values. Furthermore, we applied the "find edges" function in ImageJ to the binary images to identify the contour lines and extract the coordinates of points comprising the lines. The line coordinates were imported into our customized MATLAB codes to compute local curvature values. In the code, two independent variables were manipulated to control the number of neighboring points used for smoothing the contour and for calculating the locally bestfitted circles. Lastly, the identification of both the gold core and the polymer shell contours enables us to single out and analyze the shell regions and to quantify the local shell thickness distribution of the segregated shell regions using a builtin function in ImageJ, which spatially varies and describes the shape of the patch.
The contour-finding becomes complicated for the octahedron hybrid nanoparticles after polymer segregation, where the segregated regions at different heights do not overlap. In comparison, cubes are a simpler case as their facets either sit flat or perpendicular to the TEM grid, so that the segregated polymer patches of the bottom cube facet overlay perfectly with those on the top. As shown in Figure 2c ,d, the six patches after shell segregation have three on one plane and the other three on the other, yet all project individually onto the 2D TEM image. A plain analysis of the 2D image can result in incorrect assignment of the patch boundaries. Instead, based on the 3D geometry of the octahedron, we distinguish the polymer shells on different planes by their gray values. As shown in the gray value distribution (Figure 2e ), one set of three segregated shell regions in the triangular configuration has higher contrast than the rest set of three, which are identified automatically as on the same plane (Figure 2d ). This arrangement is consistent with the vertices of the octahedron (three on top and the other three at the bottom, positioned not in registry). Three polymeric patches on one plane are first eliminated to obtain the clear boundary of the other three, to reveal the shape, the local curvature distribution as well as the local thickness of each projected patch.
Reconfigurable PS-b-PAA Shells on Anisotropically Shaped Gold Nanoparticles
Besides using the thiolated PS as the polymer shell for shapeanisotropic gold cores, we adopted the shelling of amphiphilic block copolymers, PS-b-PAA, to core shapes not explored www.advancedsciencenews.com www.mrc-journal.de before. [19, 40, 41] The PS-b-PAA shelling shows a consistently different type of segregation pattern from the PS ones, and also allows compatibility of the hybrid nanoparticles with aqueous solutions. Such compatibility is important to applications such as seeded growth of functional nanoparticles, [42] diagnosis, [43] drug delivery, [44] and photocatalysis. [45] As shown in Figure 3a- c, we first demonstrate the PSb-PAA coating onto a series of gold core shapes including octahedra (as a comparison to the PS shell in Section 2.1.), concave cubes and bipyramids which are different from previous works in morphology (different anisotropy) as well as synthesis method. Briefly, gold cores were first coated with short thiol ligands, 2-naphthalenethiol, via a ligand exchange. [19, 40, 41] PSb-PAA solution is then added to the particles so that the phenyl group and the PS block are bound via hydrophobic attraction, resulting in PS-b-PAA coating (Figure 3a,b) . The octahedral particles become soluble in water after coating due to the negatively-charged PAA block (see the inset photo of water suspension in Figure 3c ). The UV-Vis spectra show a slight red-shift in the surface plasmon resonance band of the gold octahedra after the polymer coating (Figure 3c ), indicating an increase in the refractive index of the medium surrounding the gold core, and thus decreased surface plasmon resonance energy. [46] The TEM images show that the coating works for gold concave cube and bipyramid cores, all in a similar uniform thickness at room temperature when dispersed in water (Figure 3e,f) , consistent with previous work on gold spheres and rods. [47] We find that the PS-b-PAA shells on these differently-shaped cores all undergo segregation upon heating at 90 °C, following the common trend of thinning at the vertices and thickening onto flat facets (Figure 3d-f) , different from that for the PS shell segregation. In the TEM images overlaid with contours of core particles and PS-b-PAA shells, the local shell thickness, after segregation, consistently reaches zero at core surface sites with high local surface curvature (Figure 3g-i) . These observations agree with a recent report on PS-b-PAA-shelled gold nanorods, [30] yet still generate a rich library of final patch arrangements due to the diverse core shapes we use here. The generic robustness of the trend supports their proposed reconfiguration mechanism: upon heating, the PS-b-PAA shell transits to a viscous layer and contracts to reveal high local curvature vertices where dewetting occurs. [30] Interestingly, the reconfigurability is maintained when we render a further coating of gold seeds onto the PS-b-PAA shell periphery, which can serve as growth sites to attach other nanostructures upon. Specifically, we applied to the anisotropically shaped hybrid nanoparticles the literature method of gold seeding used previously on spherical cores upon modification. [48] The PS-b-PAA-coated nanoparticles were first incubated with positively charged poly(allylamine hydrochloride), which attract and fasten negatively charged gold seeds (Figure 3j ) via electrostatic attraction (Figure 3k ). The polymer shell thickness does not alter after the loading of gold seeds. The noncovalent attraction is not expected to alter polymer conformation, and indeed, upon heating, we retrieved the same segregation behaviors in the gold-seeded particles as those in particles that are not coated with gold (Figure 3k ,l) which has not been realized before. We foresee 
Conclusions
We performed polymer shell coating on a series of anisotropically shaped gold nanoparticles and demonstrate their stimuliresponsive reconfiguration in a highly quantitative manner via analysis of curvature contour and shell thickness. In the PScoated octahedron and cube, the once uniform polymer shell segregates locally at the vertices and edges, based on the TEM images and tracked surface curvature and thickness distribution. The PS-b-PAA-coated nanoparticles (octahedra, concave cubes, and bipyramids), however, display segregation patterns under heating as opposed to the high curvature-oriented segregation in the PS-coated nanoparticles. In addition, the water-processible PS-b-PAA-coated nanoparticles can be decorated with gold seeds, which can enrich diversity in such materials properties and functions. Extensions of this work can involve utilization of the novel patch pattern generated here on shape-anisotropic cores for reconfigurable self-assemblies, where the assembly symmetry of the building blocks can be dynamically modulated either by solvent polarity or temperature.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. d-f) TEM images of a PS-b-PAA-coated octahedron, concave cube, and bipyramid particle upon heating, with negative staining. The TEM image after the purple arrow presents the particle after the heating in each panel. The corresponding surface contours are overlaid on the polymer shell and cores. g-i) The local thickness map of the singled-out polymer shell segregation region corresponding to d-f). j) Decoration of PS-b-PAA-coated octahedra with gold seeds, which also undergo polymer shell segregation after heating. k,l) TEM images of the PS-b-PAA-coated octahedra before and after segregation, both already coated with 2 nm gold seeds. Scale bars: 50 nm for the large-scale images in b, k, and l, and 20 nm for d-f and the inset images in b, k, and l.
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